ABSTRACT Indoxacarb, a sodium channel-blocking insecticide, has been in widespread use for German cockroach control in the United States since 2006. A two-tiered indoxacarb susceptibility monitoring strategy was previously developed as a Þrst step toward determining indoxacarb susceptibility levels in German cockroach Þeld populations. This strategy entails: (tier 1) testing Þeld-collected populations in vial bioassays at two diagnostic concentrations; and (tier 2) testing populations at three diagnostic doses in oral (feeding) bioassays with treated bait matrix. In the current study the two-tiered technique was implemented to evaluate Þeld (n ϭ 14) and susceptible laboratory (n ϭ 2) strains collected from 13 different U.S. locations. Our hypothesis was that at least some of the Þeld-collected populations would display signiÞcant survivorship in both bioassays relative to susceptible laboratory populations. In agreement with this hypothesis, signiÞcantly reduced susceptibility was detected in 13 and 7 Þeld strains with vial and feeding bioassays, respectively. In general, the lower number of strains displaying reduced susceptibility in feeding bioassays (seven strains) supports previous Þndings that indoxacarb is more toxic via ingestion. Although these Þndings suggest a reduced risk for resistance selection via feeding on indoxacarb-containing baits, they also suggest a need for proactive resistance management with respect to both spray and bait products.
German cockroaches are common pests of urban environments and the allergens associated with them are considered to be one of the leading causes of childhood asthma in the United States (Institute of Medicine [IOM] 2000, Arbes et al. 2004) . Indoxacarb is a sodium channel-blocking insecticide from the oxadiazine class that is classiÞed as a "reduced-risk" insecticide because of the lower hazards it poses to humans, nontarget organisms, and the environment (Wing et al. 1998 , United StatesÐEnvironmental Protection Agency [USÐEPA 2000 . Indoxacarb is highly efÞca-cious against a variety of insect pests (Wing et al. 1998 (Wing et al. , 2000 with demonstrated efÞcacy against German cockroaches (Blattella germanica L.) under Þeld conditions (Bieman and Scherer 2007) . For cockroach control in the United States indoxacarb has been available in gel bait (Advion; 0.6% indoxacarb) and spray (Arilon; 20% indoxacarb) formulations since 2006 and 2010, respectively. Because of their ease of use and high efÞcacy against cockroaches, gel bait formulations of different insecticides have become a popular choice for cockroach control among pest management professionals (Harbison et al. 2003) . Gel bait insecticides are also an important component of integrated pest management (IPM) programs for cockroach control Meek 2004, Nalyanya et al. 2009 ). Moreover, bait formulations containing insecticides like indoxacarb, Þpronil, and so forth, are considered less likely to be affected by resistance issues for two reasons: 1) the high concentrations of insecticide present in them prevents expression of resistance (Holbrook et al. 2003 , Wang et al. 2004 , Gondhalekar et al. 2011 and 2) the unique chemistry or properties of active ingredients (AIs) in the gel baits that allows their metabolic conversion to more toxic forms upon entry into the insect body (Wing et al. 1998 , Scharf et al. 2000 . In addition, because of the slow-acting nature of indoxacarb there is a delay in the time required for manifestation of intoxication symptoms (e.g., Ϸ6 h for laboratory susceptible strains). This delayed action along with the higher palatability of the bait matrix enables cockroaches to repeatedly feed on Advion gel bait ultimately leading to ingestion of indoxacarb in quantities that surpass the LD 99 dose by several fold. Therefore, only extremely tolerant cockroaches would be likely to survive at such high doses of indoxacarb as acquired through repeated feeding.
However, historical data on insecticide resistance reveals that virtually none of the insecticides used for German cockroach control have been immune from resistance evolution (Keller et al. 1956; Bennett and Spink 1968; Cochran 1989 Cochran , 1995 Holbrook et al. 2003; Gondhalekar and Scharf 2012) . Thus, it is realistic to expect that resistance has the potential to develop to any insecticide product introduced for cockroach control. In this respect, German cockroaches cannot only develop physiological resistance to gel bait active ingredients but also they are capable of developing behavioral resistance (bait aversion) to inert components of gel baits (e.g., sugars; Silverman and Bieman 1993; Wang et al. 2004 Wang et al. , 2006 .
With respect to resistance management, deployment of strategies that delay or reverse the evolution of resistance are of key importance. However, before resistance management tactics can be implemented, it is necessary to establish insecticide susceptibility levels in Þeld populations of the target insect pest (Brent 1986, ffrenchÐConstant and Roush 1990) . Monitoring studies for determining physiological and/or behavioral resistance to insecticide baits in Þeld-collected German cockroach strains have been conducted for abamectin (Cochran 1994) , sulßuramid (Schal 1992) , hydramethylnon (Valles and Brenner 1999) , and Þpronil (Valles et al. 1997 , Scott and Wen 1997 , Holbrook et al. 2003 , Kristensen et al. 2005 , Chai and Lee 2010 . With respect to indoxacarb susceptibility, a recent monitoring study by Chai and Lee (2010) revealed high susceptibility levels in German cockroach populations from Singapore. No such information exists regarding indoxacarb susceptibility levels in German cockroach Þeld-populations from across the United States.
Previous monitoring studies mentioned above were either based on discriminatory diagnostic dose/concentration bioassays that would kill 99 Ð100% of the susceptible individuals (allowing survival of tolerant individuals), or traditional lethal dose-or time-response bioassays using technical grade insecticides (e.g., Chai and Lee 2010) or formulated baits. No monitoring studies conducted in the past, except those by Cochran (1994) and Valles and Brenner (1999) , have focused on simultaneous determination of physiological and behavioral (bait aversion) resistance to cockroach gel bait formulations. In this respect, a recently published study developed and validated a two-tiered resistance monitoring strategy for estimating Advion/indoxacarb susceptibility in Þeld-collected German cockroach populations (Gondhalekar et al. 2011 ). This strategy entails testing: 1) two diagnostic concentrations in surface contact vial bioassays to determine physiological resistance or tolerance and 2) three diagnostic doses in bait matrix feeding bioassays to simultaneously assess bait aversion and/or physiological resistance or tolerance (Gondhalekar et al. 2011) . Although the two-tiered susceptibility monitoring study was validated using two indoxacarb naṏve Þeld strains collected in the state of Florida (Gondhalekar et al. 2011 ) indoxacarb susceptibility levels in German cockroach populations from more geographically distant areas of the United States are unknown. In addition, no information is available on susceptibility shifts in German cockroach Þeld populations in response to indoxacarb selection pressures.
Since its introduction in 2006, Advion cockroach gel bait (0.6% indoxacarb) has become the leading product for cockroach control in the United States (Curl 2011) . It is a well-known fact that widespread use of any given insecticide for control of any given pest can cause rapid susceptibility shifts, including B. germanica ); as such, it is realistic to assume that Advion control failures could be on the horizon if proper resistance management techniques are not followed. Thus, as a proactive approach toward indoxacarb and Advion susceptibility monitoring and resistance management the objectives of the current study were to use a two-tiered bioassay approach to: 1) monitor indoxacarb susceptibility in 14 strains that were Þeld-collected from across the United States before June 2010, and 2) measure susceptibility shifts in response to indoxacarb selection pressures under Þeld conditions. Our hypotheses were that Þeld-collected populations would show at least some degree of signiÞcant survivorship in comparison to susceptible laboratory populations in diagnostic bioassays, and that Þeld selection over a 12-mo period would result in detectable susceptibility shifts. Both hypotheses are supported by our Þndings.
The term "resistance" is used for referring to strains that displayed signiÞcant reduced susceptibility to indoxacarb in the vial and oral diagnostic bioassays and are also expected to show signiÞcant survival (Ͻ100% population reduction) upon exposure to Advion baits in the Þeld. The term "tolerance" is used while referring to strains that showed signiÞcant reduced susceptibility to indoxacarb in the vial and oral diagnostic bioassays, but are expected to exhibit complete susceptibility (i.e., 100% population reduction) to Advion (0.6% indoxacarb) baits in the Þeld.
The terms "cross-resistance" and "cross-tolerance" are used for referring to indoxacarb resistance or tolerance that is an outcome of resistance mechanisms that exist in any given strain or population as a result of selection by insecticide[s] other than indoxacarb.
Materials and Methods
Insect Collection and Rearing. The Johnson Wax (JWax-S) and the T164 backcross strains were used as reference susceptible strains (Gondhalekar et al. 2011) . Fourteen Þeld strains from 13 different locations in six states were collected in collaboration with University researchers and pest management professionals (Table 1 ). In locations with heavy infestation, cockroaches of different stages and sexes were handcollected from harborage areas (door hinges, food storage cabinets, etc.) using larval forceps or by directly collecting cockroach-infested food cartons. At sites with low-to medium-infestation levels jar traps with bread and beer were used (Artyukhina 1972) . In brief, 0.5 liter mason jars containing Ϸ4.0 cm wide piece of beer-soaked bread were placed overnight near population focal areas (near refrigerator, underneath the kitchen sink, etc.). The inner top portions of jars were coated with a thin layer of petroleum jelly and mineral oil (2:3), which prevented escape. Cockroaches collected by both methods were shipped overnight to the University of Florida where they were reared according to the protocol described by Gondhalekar et al. (2011) .
Collection sizes varied from Ϸ40 Ð250 individuals (mixed life stages) for most Þeld populations except the BakersÞeld population, in which the colony was started from Ϸ5 females and 5 large nymphs. Before initiation of susceptibility monitoring bioassays the strains were allowed to establish in the laboratory for 2Ð3 generations (more generations for the BakersÞeld strain), which served to eliminate Þeld-associated effects on insecticide susceptibility (i.e., detoxiÞcation enzyme induction; Valles and Yu 1996) . The Arbor Park (AP), Camden Crossing 45 (CC45), GainesvilleResistant (GNV-R), T164, and T164 backcross strains were, however, reared for one or more years before using them in monitoring studies. One-to 4-wk-old adult males were used in all bioassays.
Chemicals. Indoxacarb (99.1% AI) and Advion blank bait matrix were provided by DuPont Inc. (Wilmington, DE) . Indoxacarb dilutions were prepared in analytical grade acetone. Acetone was purchased from Fisher (Pittsburgh, PA).
Vial Bioassays. Two diagnostic concentrations (DC) were tested against two lab-susceptible and 14 Þeld strains (Table 1 ) using the vial LC (lethal concentration) bioassay format (DC1 ϭ 30 g AI per vial or 0.44 g AI per cm 2 and DC2 ϭ 60 g AI per vial or 0.88 g AI per cm 2 ). Vial assays were chosen for use as rationalized previously, and the diagnostic concentrations were determined and validated in a previous study using a standard procedure (Gondhalekar et al. 2011 ). Type I glass "shell" vials (50 ml; Fisher, Pittsburgh, PA) were treated with indoxacarb in 0.5 ml acetone. After addition of acetone the vials were rolled manually at a 45Њ angle for Ϸ1 min and then rolled horizontally on a hot dog roller until completely dry. Ten adult males were anesthetized with ice and placed in a single vial. Vials were plugged with nonabsorbent cotton. Control vials were treated with acetone only. The bioassays were replicated 10 times for each strain and diagnostic concentration. Vials were held horizontally in reach-in environmental chambers at 25 Ϯ 1ЊC temperature and a photoperiod of 12:12 (L:D) h cycle. Insects lying on their backs and unable to walk were scored as dead. Observations on mortality were recorded every 24 h up to 72 h. Only 72 h data were used for comparing mortality levels among strains.
Feeding Bioassays. Oral or bait matrix lethal dose (LD) feeding bioassays were conducted with lab and Þeld strains (Table 1) , at three diagnostic doses (DD) (DD1 ϭ 1.0 g AI per insect, DD2 ϭ 1.5 g AI per insect, and DD3 ϭ 2.5 g AI per insect). Pellets of Advion blank bait matrix weighing Ϸ10 mg (wet weight) were prepared manually and treated with indoxacarb in 1 l acetone using a 50 l syringe attached to PB-600 Ð1 dispenser (Hamilton, Reno, NV). A single pellet was large enough to be treated with a 1 l volume of acetone and small enough to be entirely eaten by a healthy adult male (1-to 4-wk old) starved for 24 h (Gondhalekar et al. 2011) . Treated pellets were dried in a fume hood for 15Ð20 min. A single pellet was then provided to an individual adult male held in a 1 oz. portion cup with an aerated lid (Sweetheart Cup Company Inc., Owings Hill, MD). Control insects received acetone treated pellets only. Each replicate consisted of 10 insects (one adult male per portion cup) and 8 to 14 replicates were performed for each dose and strain. Portion cups with insects were held in an environmental chamber at 25 Ϯ 1ЊC tem- a Average strain wt refers to avg wt of 1-to 4-wk old adult males that were used in vial and oral diagnostic bioassays. b Advion (0.6% indoxacarb) was used at these locations in combination with bait and spray formulations of other insecticides. c Susceptible laboratory strains used in this study. perature and a photoperiod of 12:12 (L:D) h cycle. Feeding assessments were performed at 2 and 24 h. During each feeding assessment the numbers of insects that completely consumed or did not consume the bait pellet were counted. For mortality observations, insects that did not eat the pellet completely at 24 h were not scored. Mortality was assessed at 24, 48, and 72 h; however, only 72 h observations were used for statistical comparison among strains.
Data Analyses. Percent mortality data (72 h) from diagnostic vial and oral bioassays were arcsine transformed and analyzed by analysis of variance (ANOVA) using a general linear model (PROC GLM, SAS Institute, Cary, NC). Means were separated using all-pairs TukeyÕs honestly signiÞcant difference (HSD) tests (P Ͻ 0.05). In instances where control mortality was observed (between 1Ð10%), bioassay data were corrected for control mortality using AbbottÕs formula (Abbott 1925) .
Results and Discussion
Tier 1 Vial Diagnostic Bioassays. Results of diagnostic concentration vial bioassays (DC1 ϭ 30 g AI per vial and DC2 ϭ 60 g AI per vial) for 14 Þeld and 2 laboratory populations are depicted in Fig. 1 . As seen previously (Gondhalekar et al. 2011) , 99 Ð100% mortality was obtained in the susceptible JWax-S and T164 backcross strains at both diagnostic concentrations. Alternatively, mortality of Þeld strains ranged from 4 to 97%, with the CC45 strain displaying the highest survival, followed by Meriwell and CB 2009. The T164 strain was most susceptible to indoxacarb (83 and 97% mortality at DC1 and DC2, respectively). Although the AP and GNV-R strain responses were statistically different than the susceptible populations, these strains exhibited very low-level indoxacarb tolerance (as seen previously; Gondhalekar et al. 2011) . Overall, the mortality rates of all but one Þeld-collected strain (T164) were signiÞcantly less than the laboratory susceptible strains (ANOVA results: df ϭ 24,159, F ϭ 31.13, P ϭ Ͻ 0.0001 for DC1 and df ϭ 24, 159, F ϭ 28.09, P ϭ Ͻ 0.0001 for DC2).
Vial diagnostic bioassays provide a less labor-intensive means for estimating physiological indoxacarb tolerance and/or evolving low-level resistance in German cockroach Þeld populations relative to more precise, but labor-intensive topical-LD applications , Gondhalekar et al. 2011 . The results presented here show that reduced indoxacarb susceptibility at two diagnostic concentrations, relative to standard laboratory strains (Fig. 1) , is prevalent in 13 of 14 Þeld strains that were sampled. Although the T164 strain had a different response than the susceptible strains at DC1, this strain was susceptible at DC2. These results are not particularly surprising because the T164 strain has been maintained in the laboratory without indoxacarb selection pressure for Ͼ2 decades (Silverman and Bieman 1993) and hence the tolerance levels to different insecticides including indoxacarb are expected to be low. However, the reduced indoxacarb susceptibility detected in the thirteen other Þeld-collected strains could likely have resulted from direct selection by Advion (0.6% indoxacarb), cross-resistance or cross-tolerance because of selection by other insecticides, or a combination of both factors. Our own investigations conÞrmed that six Þeld strains had indeed been exposed to indoxacarb baits in the Þeld viz., CC45, Cocoa Beach 2008 and 2009 (CB 2008 and CB 2009 , Keystone, Texas (TX), and the North Carolina hog farm strain (NC Hog) ( Table  1 ). As such, on the basis of available information it is safe to assume that seven Þeld strains were cross-tolerant to indoxacarb and the remaining six strains (listed above) displayed reduced susceptibility that was likely caused by direct indoxacarb selection.
Mortality levels in the apparent indoxacarb crosstolerant strains ranged from 12.5 to 65% at DC1 and 27 to 81% at DC2 (Fig. 1) , with the Meriwell and PlainÞeld 19C strains having highest indoxacarb tolerance among these strains. Information available from academic collaborators who helped in collection of these strains suggests that residual insecticides were mostly used for controlling the Meriwell strain; whereas, a combination of residual insecticides and bait products (imidacloprid and hydramethylnon) were used for managing the PlainÞeld 19C strain. As shown previously in many different studies with the German cockroach, exposure to residual insecticides can select for different resistance mechanisms including metabolism, target site insensitivity, and reduced cuticular penetration (Scharf et al. 1997 Wu et al. 1998; Pridgeon et al. 2002) . It is not clear if these mechanisms are acting in any of the Þeld-collected populations tested in the current study. Cross-tolerance to indoxacarb in another Þeld strain, AP, was signiÞcant initially, but was unstable and declined after 6 mo of laboratory rearing (Gondhalekar et al. 2011) . Alternatively, low-level indoxacarb tolerance in the reference Þeld strain, GNV-R, appears to be stable and has not declined after 3Ð 4 yr of continuous laboratory rearing (Gondhalekar et al. 2011) . To check the stability of indoxacarb tolerance or cross-tolerance in other Þeld isolates, we are currently rearing the strains displaying greater magnitudes of tolerance (CC45, CB 2009, and Meriwell) for further testing over time.
Among the Þeld populations known to be exposed to Advion in the Þeld (Table 1) , the CC45 and CB 2009 strains exhibited the highest levels of indoxacarb tolerance reported in the German cockroach to date. In contrast, despite the known history of selection by indoxacarb baits, tolerance levels in the CB 2008, NC Hog, TX, and Keystone strains appear to be lower than CC45 and CB 2009, and even strains that possess apparent cross-tolerance (Meriwell, PlainÞeld 19C, etc.) . Such large differences between strains could be explained by the frequency and/ or length of insecticide selection pressure these strains have encountered (Scharf et al. 1997) , as well as genetic differences between strains (Scott 1990) . Because the majority of strains sampled here exhibited higher tolerance to residual deposits of technical indoxacarb, the use of Arilon (20% indoxacarb) residual spray formulation for German cockroach control should be carefully monitored. Although this spray formulation is expected to possess higher contact efÞcacy than the technical material and will be used at a much higher concentration than that tested in our vial bioassays (Ϸ3ϫ or 6ϫ of DC2; 60 g AI/vial or 0.88 g AI/cm 2 ), our results clearly indicate that German cockroaches, in general possess higher tolerance to residual deposits of indoxacarb. As such, use of spray formulations should be limited to situations where gel bait aversion is evident or use of gel baits is logistically impractical. Additionally, to achieve higher efÞcacy, Arilon can be used in combination with Advion (0.6% indoxacarb) gel baits; however, this practice could also further resistance development through higher selection pressure.
Tier 2 Oral Diagnostic Bioassays. The same German cockroach strains tested above (Table 1) were further screened using three diagnostic doses in feeding bioassays with treated bait matrix (1.0, 1.5, and 2.5 g AI per insect; Gondhalekar et al. 2011) . Although the T164 strain was susceptible in vial bioassays, this strain was included in feeding bioassays because it displays aversion to gel baits that contain glucose (Silverman and Bieman 1993) . However, bait aversion to Advion bait matrix was not evident in the T164 strain or any other strains tested. Approximately 90 Ð95% insects consumed the entire pellet within 2 h and the remaining 5Ð10% insects did so by 24 h. As a result, there were very few partially consumed bait pellets (none in most cases) available at 24 h to perform feeding quantiÞ-cations, which could have provided potential information about bait aversion. Moreover, we found that bait pellet consumption was impacted by strain susceptibility and diagnostic dose. In particular, a higher proportion of the susceptible strain (JWax-S and T-164 backcross) insects consumed bait pellets completely at the lower diagnostic dose (1.0 g AI per insect) than at the higher diagnostic dose (2.5 g AI per insect) (data not shown). We hypothesize that this was caused by the early onset of intoxication symptoms in the susceptible strain insects exposed to a higher dose of indoxacarb. Alternatively, bait pellet consumption in more tolerant Þeld strains (CC45, CB2009, Meriwell, etc.) was not impacted by the diagnostic dose (data not shown). Although the abovementioned feeding bioassays provide a rough idea about the absence of bait aversion resistance in the Þeld isolates that were screened, more formal choice bioassays (where insects are provided a choice between bait and alternate food source or a choice between treated and untreated bait) will be required to detect low-level or evolving bait aversion.
In terms of mortality, none of the susceptible strain (JWax-S and T164 backcross) individuals survived at any diagnostic dose (Fig. 2) and of the Þeld strains, T164 and AP were most susceptible with mortality levels ranging from 97 to 100% at the lowest diagnostic dose (Gondhalekar et al. 2011) . At DD1, DD2, and DD3, 12, 9, and 7 Þeld strains, respectively, showed signiÞcantly less mortality than the susceptible strains (ANOVA results: df ϭ 28, 188, F ϭ 85.37, P ϭ Ͻ 0.0001 for DD1; df ϭ 28, 188, F ϭ 35.74, P ϭ Ͻ 0.0001 for DD2; df ϭ 28, 188, F ϭ 39.76, P ϭ Ͻ 0.0001 for DD3). In general, susceptibility levels of Þeld strains were higher in bait matrix feeding bioassays than in surface contact vial bioassays. As in vial diagnostic bioassays, the CC45 and the CB 2009 strains were the most tolerant, with Ͻ50% mortality at all diagnostic doses. These feeding bioassay results are directly comparable to Þeld performance of Advion baits because of the similarities in mode of entry, which is feeding (Gondhalekar et al. 2011) . Moreover, as indoxacarb is generally known to be more toxic by ingestion (Wing et al. 1998 (Wing et al. , 2000 , feeding bioassays provide the most realistic susceptibility estimates.
The signiÞcant survival we found for 12 of 14 Þeld strains at the susceptible LD 99 dose (DD1 ϭ 1.0 g AI per insect) was unexpected and reinforces vial assay Þndings showing that most of the Þeld strains, irrespective of their insecticide exposure history, possess low-level tolerance to indoxacarb. However, the comparatively lower number of strains (seven) showing signiÞcant survival at the highest diagnostic dose (2.5 g AI per insect) indicates that the extent of higherlevel indoxacarb tolerance is not substantial in most of the strains except CC45 and CB 2009. Because a known history of Advion exposure exists for the CC45 and CB 2009 strains, the elevated tolerance seen in these strains is likely an outcome of direct selection by indoxacarb baits. Upon further analysis, the CC45 and CB 2009 strains showed 70 and 100% mortality at 7 d when provided formulated Advion gel bait in nochoice bioassays (Gondhalekar 2011) . Adult German cockroaches generally consume food (or bait) in bouts of 1 mg (Reierson 1995 , Holbrook et al. 2003 ). Under such a scenario, an adult male consuming 1 mg of Advion bait would ingest 6 g indoxacarb. The diagnostic doses that we tested here (1.0, 1.5, and 2.5 g AI per insect) are only 0.17, 0.25, and 0.42ϫ, respectively, of the amount of indoxacarb present in 1 mg of Advion (Gondhalekar et al. 2011) . Additionally, owing to the slow acting nature of indoxacarb, cockroaches in the Þeld may repeatedly feed on the indoxacarb-containing baits and ingest a very high dose of the AI. It is also possible that higher-level tolerance can result in increased bait consumption by tolerant individuals, leaving less bait available for others and thereby necessitating larger and/or repeat applications. Thus, given the 7-d mortality levels of the CC45 and CB 2009 strains (70 and 100%, respectively) in no-choice bioassays it is reasonable to assume that strains that are less tolerant than CC45 and CB 2009, viz., Meriwell, PlainÞeld 9C, BakersÞeld, Keystone, and TX are susceptible to formulated Advion baits that contain high amounts of indoxacarb (6 g AI per mg). Overall, based on the Þeld populations tested in this study, it is likely that strains like CC45 that show signiÞcant reduced susceptibility to Advion may be rare. Ongoing studies are investigating this hypothesis.
Selection Under Field Conditions. In addition to facilitating susceptibility monitoring, Þndings of the current study also link indoxacarb Þeld selection to detectable increases in indoxacarb tolerance. Two collections were made from the CB location at two time points separated by 1 yr (denoted as CB 2008 and CB 2009; Table 1 ). Interestingly, both the diagnostic vial and feeding bioassays revealed signiÞcant differences in indoxacarb tolerance between the CB 2008 and 2009 strains ( Figs. 1 and 2 ). In association with these susceptibility shifts, our sources conÞrmed that indoxacarb, as well as Þpronil baits and residual sprays of chlorfenapyr and bifenthrin had been used at the CB location. The differences in tolerance levels found between CB 2008 and 2009 clearly show that indoxacarb susceptibility levels in Þeld populations can change quickly following selection with indoxacarb and/or other insecticides.
Of the various factors that may be linked to increased indoxacarb tolerance or cross-tolerance in the CB 2009 strain, exposure of the cockroaches to secondary or tertiary residues of indoxacarb or Þpronil Buczkowski et al. , 2008 Holbrook et al. 2003) can be a signiÞcant contributor. Often, cockroaches that come in contact with or feed on secondary or tertiary bait deposits are exposed to much less quantities of the insecticide than that present in formulated products Buczkowski et al. , 2008 . Exposure to smaller doses of insecticide would essentially kill most susceptible individuals and allow selective survival of tolerant individuals (Holbrook et al. 2003) . In addition, as shown before in the German cockroach For each strain and dose 80Ð140 adult males were tested. Mortality data for the JWax-S, T-164 backcross, AP, and GNV-R strains is adapted from Gondhalekar et al. (2011) . , Valles et al. 2003 , selective survival or breeding of tolerant individuals can foster a rapid buildup of tolerance in a population. In terms of speed of selection, the current Þeld selection results strongly agree with results of Þeld and laboratory selection studies conducted Ϸ15 yr ago with residual organophosphate, pyrethroid, and juvenoid insecticides (Scharf et al. 1997 .
We conclude that although a majority of the Þeld strains sampled in this study are expected to be susceptible to formulated Advion baits, 13 and 7 of the 14 strains tested exhibited signiÞcant tolerance to indoxacarb in the vial and oral diagnostic bioassays. As initially noted over 20 yr ago, diagnostic insecticide bioassays can play important roles in monitoring insecticide susceptibility across large geographic distances (Roush and Miller 1986) . Using well-rationalized and carefully validated bioassays, once low-level tolerance is detectable in pest populations, the implementation of resistance management programs becomes warranted (ffrenchÐConstant and Roush 1990). Findings of the current study further validate our diagnostic bioassays for gel bait susceptibility monitoring and suggest a need for formal management programs that prevent the development of widespread, high-level resistance that could lead to control failures.
IPM of German cockroaches using nonchemical and chemical control techniques including gel baits (Schal and Hamilton 1990 , Miller and Meek 2004 , Nalyanya et al. 2009 ) would certainly slow the rate of resistance development because of reduced reliance on insecticides for control (Croft 1990, Scharf and , but even within an IPM program the choice of bait insecticides is important for resistance management. One of the appropriate techniques for resistance management could be insecticide rotation (Roush 1989 , Tabashnik 1990 , Scharf et al. 1997 , which is encouraged by cockroach bait manufacturers but requires knowledge of resistance mechanisms to be maximally effective . For German cockroach bait products the sequence or combinations of insecticides that would provide maximum effectiveness and delay the evolution of resistance are not known. In such a scenario, using insecticides with different modes of action in a rotation scheme would be most intuitive and this is what pest management professionals appear to be doing. Nevertheless, empirical studies for determining the best rotation patterns of gel bait insecticides for resistance management are certainly needed.
